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DISPERSION OF MATERIAL BY WIND AND TIDE IN SHALLOW SEAS
by William Alexander Michael NIMMO SMITH
Mixing processes in shallow seas are of particular importance in the dispersion of
pollution (e.g. oil slicks) as well as in the distribution of sediment and biological
material (e.g. phytoplankton and fish larvae). This study aims to further investigate
the processes of wind-driven Langmuir circulation and bottom-generated turbulence
and to quantify the effects they have on the dispersion of buoyant material.
A numerical and analytical study is made of the dispersion of a plume of float-
ing particles under the combined action of Langmuir circulation and a mean current.
The numerical simulations show the general patterns the plume will form, with initial
meanders leading to the formation of distinct windrows. The analytical model shows
that the lateral diffusivity, the rate of across-current dispersion of the particles, is
greatest when the angle between the direction of the wind and current is between 30°
and 120°, and when the wind speed is large in comparison to the current speed. Fur-
ther, it is found that the effects of Langmuir circulation will dominate the dispersion
process when the wind speed is greater than about 10 times the current speed.
Acoustic and visual observations of the surface effects of bottom-generated turbu-
lence in a tidally-influenced and well-mixed region of the North Sea are presented.
Although the sea bed in the area is flat, it is found that at any one time 20-30%
of the water surface is affected by boils - circular regions of local upwelling - of di-
ameter 0.9±0.2 times the water depth. The signature of individual boils persists for
at least 7 minutes and, in accordance with laboratory and numerical studies, shows
the appearance of eddies. Again, analytical and numerical models are constructed to
estimate the effects of the boils on the dispersion of floating particles. The numerical
simulations provide good qualitative agreement with the patterns observed in visual
images of the dispersion of oil. Further, the horizontal diffusivities calculated by both
them and the analytical methods show that the presence of boils can account for the
dispersion measured by experimental methods in shallow tidal seas.
In summarising and discussing the main findings of this work, particular emphasis
is placed on the need for further observations of these two processes, in particular
the boils and eddies and their interaction with the Langmuir circulation, to further
improve the estimates of dispersion.A.2.3 Interpretation 120
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Vlllsource by a combination of Langmuir circulation and a mean current. An estimate of
the relative importance of the Langmuir circulation and the tidal flow in the dispersion
is also made. Novel observations of structures at the sea surface, "boils" and eddies,
generated by tidal flow over a flat sea bed and with length scales equivalent to the
water depth, are presented in Chapter 4. Chapter 5 describes simple models which
give estimates of the dispersion of floating material by the tidally generated boils.
Chapter 6 summarises the conclusions of this study and discusses possible avenues
for further work."•••• m J-
Figure 2.1: Photograph of windrows in Southampton Water. The wind is directly into the
camera at about 7.5 m s
 1. The mean windrow spacing is about 5 m. The flotsam collecting
in the windrows consists of biological material produced by a phytoplankton bloom which occur
in this region during periods of consistently weak tidal currents. Stable, long lasting windrows
can be seen in the far right of the image (arrow). These are situated in deep water (> 10 m)
while the less stable windrows seen in the foreground are situated in shallow water (< 5 m)
where they have been carried by the tidal current.path of floating material
windrows (accumulation
of foam, oil or other flotsam)
horizontal vortices
region of upwelling
and divergence downwelling region
Figure 2.2: Schematic diagram of Langmuir circulation and its effect on floating material [from
Nimmo Smith and Thorpe, 1999].
converging water within the currents descends. Between the bands, rising currents, on
reaching the surface, flow out laterally towards the bands. The action of the wind on
the water sets up longitudinal surface currents in the direction of the wind which are
greatest along the lines of convergence. Thus, the net result is an array of subsurface
linear vortices of alternating signs with axes directed close to the wind. Floating
material, foam, oil or other flotsam, is swept towards these lines of convergence, and,
unable to sink and follow the water motion, becomes trapped leading to the formation
of windrows. A schematic diagram of these component vortices and their effect on
floating material is shown in Figure 2.2.
Subsequent observations of Langmuir circulation have been made and reported on
numerous occasions and these have been comprehensively reviewed by Pollard [1977]
and Leibovich [1983]. Of particular importance to the study of Langmuir circulation
has been the development of novel acoustic methods. Upward-looking sidescan sonars
have been used to detect the movement and distribution of near-surface tracers, prin-
cipally clouds of bubbles produced by wind-waves as they break [for example Thorpe
and Hall, 1983, Zedel and Farmer, 1991], while Acoustic-Doppler instruments have13
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Figure 2.5: Formation and evolution of a hairpin vortex in a shear flow [from Smith, 1996].
The vortex is advected from left to right and the sense of vorticity is shown by the arrows.
geophysical flows) is shown in Figure 2.5. A small initial three-dimensional distortion
in a two-dimensional line vortex which is aligned transverse to a sheared flow, will
grow rapidly. A 'head' forms and moves up away from the boundary, while at the same
time, 'legs' form and move down towards it. The head is stretched out from the legs
in the along-stream direction by the sheared flow, and so the vorticity intensifies. The
characteristic spacing of the legs mainly depends upon the strength of the background
shear [Smith et al., 1991], with higher shear or a lower vortex strength relative to the
shear producing a smaller between-leg spacing. Asymmetrical vortex structures are
also formed depending upon the initial shape of the distortion via the same process
of vortex stretching. Large structures in the outer region of the boundary layer are
probably created by the amalgamation of the relatively small-scale hairpin vortices
generated close to the boundary [Smith et al., 1991].
It has also been shown that the low-speed streaks, observed in the inner region
of the boundary layer, are produced by the passage of the trailing legs of the hairpin
vortices. These streaks, produced by the vortices closest to the boundary or by the
legs of vortices which manage to penetrate down through the flow, will have a cross-
stream scale which is equivalent to the spacing of the legs of the vortices themselves
[Haidari and Smith, 1994]. Similarly, the along-stream extent of the streaks will be
limited by the period for which the vortices are in close proximity to the boundary,14
before either dissipating through viscous action or mutual induction of the vortices
away from the boundary. The production of the near-boundary streaks is discussed
further by, among others, Robinson [1991] and Smith [1996].
Bursting, the process which indicates the abrupt termination of a near-boundary
streak, is also produced by the proximity of the vortices as they pass over the bound-
ary. Simplistically, a region of adverse pressure is setup in the streamwise direction
as a vortex is advected along the boundary. This acts against the inertia of the flow,
so compressing it. If the fluid is incompressible, the volume of the compressed re-
gion must be conserved, leading to a rapid and substantial vertical elongation of the
region (i.e. near-boundary fluid is ejected away from the boundary). Thus, the net
result is the ejection of regions of high vorticity into the outer region of the boundary
layer, which in turn create the strong shear layers which subsequently roll-up into
new hair-pin like vortices. A detailed review of this process is given by Smith [1996].
2.2.1 Experimental and numerical observations of the forma-
tion of boils and eddies at the free surface
During laboratory experiments on the coherent structures within a turbulent bound-
ary layer, Grass [1971] observed 'the presence of boils of fluid on the free surface'.
He proposed that the boils, regions of locally upwelling water, were 'lumps' of low
momentum fluid ejected during bursts from near to the boundary, reaching and in-
teracting with the free surface. More recent experiments by Komori et al. [1989]
showed that the decelerated fluid that is ejected upwards from the boundary during
the busting process would almost always reach the free surface and renew it, and that
mass transfer across the free surface is dominated by these large-scale surface renewal
motions.
In a series of experiments in a smooth-bottomed laboratory channel, Kumar et al.
[1998] have elucidated the relationship between the coherent structures within the
boundary layer and the boils and eddies observed at the free surface. Figure 2.6
shows an example of the evolution of a large scale coherent structure, as viewed from17
the side, from its origin in the strongly sheared region near the bed of the channel. It
can be seen that a distinct head forms (arrowed) downstream of trailing legs, which
rises up towards the free surface. By simultaneously viewing the free surface, Kumar
et al. [1998] showed that as the head of the structure approaches the surface, a boil
is formed. An example of the boil and the subsequent evolution of the surface flow
is shown in the sequence of images shown in Figure 2.7. The boil is visible as the
dark region in the centre of the first image, the upwelling water leading to surface
divergence, sweeping away the light coloured floating tracers. In subsequent images,
it can be seen that the boil increases in size and that a pair of counter-rotating eddies
is formed. The size of these eddies was found to be roughly four to seven times the
water depth, increasing with both increasing depth and Reynolds number. The eddies
were found to be persistent for large along-stream distances until either dissipating
slowly or being engulfed in a new upwelling boil.
Numerical simulations by Pan and Banerjee [1995] show the same relation be-
tween the subsurface structures and the boils and eddies at the surface. They also
show that the eddies most probably result from surface parallel vorticity within the
subsurface structures reattaching to the surface. This reattachment of vorticity and
the formation of the eddies is also seen in numerical simulations by Tsai [1998] and
shown in Figure 2.8. Here a horseshoe shaped vortex approaches the surface, where
the head breaks and the two legs reattach to the surface, forming a pair of counter
rotating eddies.
2.2.2 Observations in rivers and estuaries
Boils and eddies are commonly observed in rivers [for example Coleman, 1969, Jack-
son, 1976, Kostaschuk and Church, 1993, Matthes, 1947], estuaries [for example Rood
and Hickin, 1989] and narrow tidal straits [for example Longuet-Higgins, 1996]. Most
of these studies report only observations of turbulence generated by flow over large-
scale dunes (with heights typically 20% of the water depth). However, Jackson [1976]
reports some observations of boils in a river with a flat bed consisting of coarse grain25
empirical relations between the diffusivity and the wind and current speed.
It should be noted that measures of horizontal diffusivity from neutrally-buoyant
dye releases are not exactly comparable to those from the release of buoyant material.
This is because the dispersion of the dye will also be controlled by other mixing
processes, principally shear dispersion [see Bowden, 1965], which will act to increase
the diffusivity. These additional processes are outwith the scope of this present study,
whose aim is to investigate processes which directly affect buoyant material at the
water surface. However, in the absence of more directly applicable data, it is still
very useful to make comparisons with these measurements. Further, the processes
expanded upon in the following chapters will, without doubt, also affect the patterns
of dispersion of neutrally buoyant material (for example Kenney [1977]), giving insight
into the scatter in measurements within individual plumes noted by Morales et al.
[1997] among others.Chapter 3
Estimation of dispersion by
Langmuir circulation
As reviewed in Section 2.1, previous estimates of the dispersion produced by Langmuir
circulation have been calculated relative to the axis of the cells - or the wind direction.
In this chapter numerical and analytical models are developed which describe the
dispersion of a plume of buoyant particles under the combined action of an array of
Langmuir cells and a steady current; analogous to a plume of oil being released from
a fixed source into a steady flow.
Thorpe [1995b] devised a simple analytical model of the spread of floating material
from a source fixed at the sea surface in the presence of steady Langmuir cells and
a mean tidal current. The patterns of dispersion produced by this model, in which
the convergent and enhanced downwind flows within the Langmuir circulation are
described by sinusoidal functions, is explored further using a numerical adaptation in
Section 3.1. Whilst this gives insight into the diffusion mechanisms, and diffusion can
be estimated for specific input parameters, it proved to be computationally expen-
sive. An analytical model developed by Nimmo Smith and Thorpe [1999] (see also
Appendix B) is shown in Section 3.2 and gives results in a more compact form.
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Figure 3.3: Dispersion of buoyant particles by Langmuir circulation, with varying cell spacings.
All the runs shown are after the release of 500 particles (t = 500/rp) and a = 30°. The x-axis
shows the downstream distance, X, non-dimensionalised by the current, U, and dispersion time,
t, and the y-axis is to the same scale. The numbering on the y-axis refers to the value of L,
relative to that used in Figure 3.2. Throughout, u = v — 0.05J7.43
Figure 3.10: Contours of KyLc(xl(r
3) - see Equation 3.11 - plotted against XJ~
l = W/U
and a. The thick solid line and the two dashed lines indicate the maximum values of W/U for
which the model is valid (To = T*). The value of c = 7.5 (T* = 20 min) has been used for
the solid line, which gives the lower bound to the invalid shaded region, while the lower and
upper dashed lines use values of c = 3.75 and c = 11.25 respectively, to provide a measure of
uncertainty.46
Figure 3.11: Contours of Kyu/KyT plotted against U
 1 = W/U and a. The thick solid line
and the two dashed lines are as for Figure 3.10.47
and the current, the spacing between the windrows and the strength of the converging
currents. The lateral diffusivity is found to be greatest for large windrow spacings, at
angles between the wind and current of about 30°, and when the enhanced down-wind
flow within the windrows in large relative to the converging currents.
The analytical method shows that Langmuir circulation contributes significantly
to the lateral dispersion of buoyant material soon after it is released when the wind
is sufficiently strong in comparison to the tidal current, the angle between the wind
and current is between 30° and 120°, and the Langmuir cells are stable enough to
allow the material to reach the windrows before they break down.
In both cases, the break-up of Langmuir cells would act to increase the lateral
diffusivity, especially when the angle between the wind and current is small.58
Figure 4.7: Sonograph images of strongly-scattering features (dark) in winds of different direc-
tions. The features are represented using the same frozen-field technique used in the preparation
of Figure 4.6. In each image the tidal current is from right to left and the wind direction is
shown by an arrow. Each image shows an area 60 m square. The mean current and (10 m)
wind speed are, respectively, a, 0.60 m s~
l (at 19 m depth), 3.0 m s"
1 b, 0.98 m s"
1 (at
17 m depth), 6.3 m s~\ c, 0.80 m s~
l (at 15 m depth), 7.1 m s~
l. In c, the open-headed
arrow shows the direction of the 1 m current (1.04 m s"
1).60
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parameters detected by satellite or other 'remote' sensors. The images illustrate
how boils disperse oil patches or plumes, a process which is developed in the next
chapter. The appearance of the circles in the oil films (Figure 4.12) demonstrates that
boils help to replenish surface waters, a process important in gas exchange [Thorpe,
1982, Woolf and Thorpe, 1991]. We predict that such boils will be absent at the
surface of density-stratified seas, where the thermocline separates the surface and the
deep water, preventing bursts and ejections generated in the benthic boundary layer
from reaching the surface. The intensity of near-surface turbulence, the dispersion it
causes and the rate of air-sea gas exchange in deep stratified oceanic waters may in
consequence be lower in density stratified waters than in well mixed tidal seas.84
Figure 5.3: Dispersion of a patch of particles by boils in a periodic domain. The domain is
AH square and the interval between frames is 2T. There is no relative motion between the
undisturbed particles and the boils, and the radial flow within the boils decreases linearly with
increasing radial distance and over the boil lifetime. Values of r, A and T were selected so that
/ = 0.2. The crosses represent particles initially arranged uniformly on the grid in Frame 1.96
Figure 5.13: Dispersion of a plume of particles. The interval between frames is T. There is
no relative motion between the undisturbed particles and the boils. Values of r, A and T were
selected so that / = 0.2. The frame of reference moves from left to right with the mean flow,
and measures 10H in the streamwise direction.99
between the particles and the boils.
The lateral diffusivity was found to increase with increasing boil production rate,
area and lifetime and with increasing relative drift between the boils and particles.
The time between boils affecting any region of the surface was found to be about two
times the lifetime of the boils (or about 13 min).Chapter 6
Discussion and conclusions
6.1 Discussion
There is evidence that there are other processes to which the simple models of disper-
sion by Langmuir circulation may be applicable. At very small scales, wind aligned
streaks - linear bands of accumulated material (foam, oil or other flotsam) - are ob-
served at the water surface. Streaks observed at the water surface in laboratory
observations by Melville et al. [1998] may be formed by coherent structures within
the airflow above the water surface - as found in the numerical simulations of Lom-
badi et al. [1996]. The existence of 'low-speed streaks' within the airflow [for example
Klewicki et al., 1995, and see Section 2.2] may also account for the small scale streaks
observed to form in the foam left behind breaking waves by Thorpe et al. [1999]. It is
possible that amalgamations of these streaks are visible as the fine-scale wind-aligned
bands within the radius of the boils recorded by the sonars (Figure 4.7). At a larger
scale, another process which may produce long streaks is introduced in Appendix A.
Here, comparisons are made between recent laboratory observations of persistent
vortices formed offshore of the surf zone on gently shelving beaches, and near-shore
sonar observations. The sonar images show linear regions of accumulated bubbles,
with lengths up to about 300 m, aligned with the shoreline. These regions would
100101
act in a similar fashion to Langmuir circulation in the dispersion of buoyant mate-
rial, by producing linear accumulations of material. However, it is clear that more
observations are required to give a better understanding of these features and the
environmental conditions under which they form. In addition, controlled dispersion
experiments would allow estimates to be made of the importance of these processes
in relation to other near-shore processes (for example rip-currents).
The observations of the boils are of great importance, not only because they show
that turbulence generated by a current flow over a flat sea bed produces clearly
definable structures at the sea surface which affect dispersion but also because they
allow studies of dispersion to take a more mechanistic approach. This is important for
estimating the local patterns and peak concentrations of any floating material. The
simple models introduced in Chapter 5 give a first indication of this. A comparison
between the numerical simulation of the dispersion of floating particles and aerial
images of boils and oil is shown in Figure 6.1. From this it can be seen that even
these simple simulations produce patterns which closely resemble those of oil released
in the environment, with the formation of filaments of high concentrations of floating
material in-between regions with relatively low concentrations. In addition, the break-
up of a concentrated patch of particles in the simulation by an erupting boil is very
similar in appearance to the break-up of the oil (arrowed), with material, previously
accumulated by the actions of boils, being spread out radially around a newly erupting
boil.
It is possible that further information may be available from the CASI images,
since they not only show the fractional coverage of the water surface by the oil, but
also give information as to its thickness. Therefore a more detailed quantitative study
would provide information on, for example, the mean size scales of the concentrated
filaments which could then be compared more directly with the numerical simulations,
and in turn related to the physical and chemical properties of the oil. This information
could then be used in the assessment of how best to 'combat' an oil slick, whether
by mechanical recovery or by the use of chemical dispersants, and to estimate the
potential threat the slick may pose to wildlife. Localised accumulations and filaments102
Figure 6.1: Comparison of model output (a and c) with CASI images (b and d). All the images
are to the same scale and show an area hH square where H is the diameter of the boils. The
time between the two frames from the model simulation is T, the 'lifetime' of the boils, while
the time between the two CASI images is about 5 min (~ 0.7T). The arrow in each image
points to the appearance of circular region within the particles (for the model simulations) or
the oil (shown in red to black for the CASI images) in the time interval between the frames.
of oil, as produced by the boils (or indeed by Langmuir circulation), while being
more toxic to individuals within a population (seabirds, for example) who may come
into direct contact, may be less harmful to the population as a whole, since fewer
individuals will come into contact than if the oil were spread over a wider area, albeit105
a. Initial boil eruption
and radial spreading
A
Perimeter of boil
b. Formation of eddies
Figure 6.2: Dispersion of particles by a boil (see text for description).Appendix A
A note on dispersive processes in
shallow water just beyond the surf
zone
Close to the shoreline, many other factors will influence the dispersion of material,
such as the tidal flow around topography, circulation patterns related to regions of
freshwater influence and variations in the wind forcing caused by the proximity of the
land. Most of these processes are outwith the scope of this study, principally giving
additional variability to the coherent patterns of dispersion described in the previous
chapters.
However, recent laboratory observations have revealed the presence of a near-shore
coherent process which may produce a pattern of dispersion to which the simple
models developed in Chapter 3 may be applicable. Some near-shore side-scan sonar
measurements show evidence of the existence of the process 'in the field'. The ob-
servations of this process - "the offshore vortex train" - are presented briefly in the
following sections.
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Figure A.7: Sketch of the equipment orientation and the offshore vortex train which produced
the large-scale banding during the beach experiment.Appendix B
"Dispersion of buoyant material by
Langmuir circulation and a tidal
current"
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Enlarged figures
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Figure D.2: (fold out) Enlargement of Figure 4.8: Sequence of aerial video composites of a
diesel plume. Overflights of the plume were at about 5 min intervals. In each, the tidal current
is from bottom to top, the wind is about 40° to the left of the current, and the overall length is
about 1.6 km. In each case the arrow (labeled 'A' to 'E') marks the location of the moored source
of the diesel plume, which is the pale, continuous streak which runs the length of the images.
The images have been offset, so as to align similar features in consecutive overflights; the offset
between each is about 300 m, the distance the plume is advected in the time by the ~lm s~
l
surface current. Regions labeled 'X', 'Y' and 'Z' are shown in detail in Figures 4.9, 4.10 and
4.11 respectively. 'P' indicates patches of water with high concentrations of particulates, most
probably sediment. 'S' is the 12 m sampling boat used, with the aircraft's altitude, to scale the
images. Sun glint is affecting the images along their left-hand edges.50m50 m50m